The basic/helix-loop-helix (bHLH) proteins are a superfamily of transcription factors that bind as dimers to specific DNA target sites and that have been well characterized in nonplant eukaryotes as important regulatory components in diverse biological processes. Based on evidence that the bHLH protein PIF3 is a direct phytochrome reaction partner in the photoreceptor's signaling network, we have undertaken a comprehensive computational analysis of the Arabidopsis genome sequence databases to define the scope and features of the bHLH family. Using a set of criteria derived from a previously defined consensus motif, we identified 147 bHLH protein-encoding genes, making this one of the largest transcription factor families in Arabidopsis. Phylogenetic analysis of the bHLH domain sequences permits classification of these genes into 21 subfamilies. The evolutionary and potential functional relationships implied by this analysis are supported by other criteria, including the chromosomal distribution of these genes relative to duplicated genome segments, the conservation of variant exon/intron structural patterns, and the predicted DNA binding activities within subfamilies. Considerable diversity in DNA binding site specificity among family members is predicted, and marked divergence in protein sequence outside of the conserved bHLH domain is observed. Together with the established propensity of bHLH factors to engage in varying degrees of homodimerization and heterodimerization, these observations suggest that the Arabidopsis bHLH proteins have the potential to participate in an extensive set of combinatorial interactions, endowing them with the capacity to be involved in the regulation of a multiplicity of transcriptional programs. We provide evidence from yeast two-hybrid and in vitro binding assays that two related phytochrome-interacting members in the Arabidopsis family, PIF3 and PIF4, can form both homodimers and heterodimers and that all three dimeric configurations can bind specifically to the G-box DNA sequence motif CACGTG. These data are consistent, in principle, with the operation of this combinatorial mechanism in Arabidopsis.
INTRODUCTION
The basic/helix-loop-helix (bHLH) proteins are a superfamily of transcription factors that have been well characterized in nonplant eukaryotes, especially in mammalian systems, in which considerable structural, functional, and phylogenetic analyses have been performed (Atchley and Fitch, 1997; Littlewood and Evan, 1998; Ledent and Vervoort, 2001) . The data indicate that bHLH proteins are important regulatory components in transcriptional networks in these systems, controlling a diversity of processes from cell proliferation to cell lineage establishment (Grandori et al., 2000; Massari and Murre, 2000) . This family is defined by the bHLH signature domain, which consists of ‫ف‬ 60 amino acids with two functionally distinct regions. The basic region, located at the N-terminal end of the domain, is involved in DNA binding and consists of ‫ف‬ 15 amino acids with a high number of basic residues. The HLH region, at the C-terminal end, functions as a dimerization domain (Murre et al., 1989; Ferre-D'Amare et al., 1994) and is constituted mainly of hydrophobic residues that form two amphipathic ␣ -helices separated by a loop region of variable sequence and length (Nair and Burley, 2000) . Outside of the conserved bHLH domain, these proteins exhibit considerable sequence divergence . Cocrystal structural analysis has shown that the interaction between the HLH regions of two separate polypeptides leads to the formation of homodimers and/or heterodimers and that the basic region of each partner binds to half of the DNA recognition sequence (Ma et al., 1994; Shimizu et al., 1997) . Some bHLH proteins form homodimers or restrict their heterodimerization activity to closely related members of the family. On the other hand, some can form heterodimers with one or several different partners (Littlewood and Evan, 1998) .
The core DNA sequence motif recognized by the bHLH proteins is a consensus hexanucleotide sequence known as the E-box (5 Ј -CANNTG-3 Ј ). There are different types of E-boxes, depending on the identity of the two central bases. One of the most common is the palindromic G-box (5 Ј -CACGTG-3 Ј ). Certain conserved amino acids within the basic region of the protein provide recognition of the core consensus site, whereas other residues in the domain dictate specificity for a given type of E-box (Robinson et al., 2000) . In addition, flanking nucleotides outside of the hexanucleotide core have been shown to play a role in binding specificity (Littlewood and Evan, 1998; Atchley et al., 1999; Massari and Murre, 2000) , and there is evi-dence that a loop residue in the protein plays a role in DNA binding through elements that lie outside of the core recognition sequence (Nair and Burley, 2000) .
In animal systems, bHLH proteins have been classified into six main groups (designated A to F) that reflect their evolutionary origin and sequence relatedness as well as the information available on their DNA binding specificities and functional activities (Dang et al., 1992; Atchley and Fitch, 1997; Ledent and Vervoort, 2001) . In brief, group-A proteins bind to the E-box variant CAGCTG and include proteins such as MyoD, Twist, Acheate-Scute, Hen, Atonal, and Delilah. Group B includes a large number of functionally unrelated proteins such as Pho4 and R that bind to the G-box (CACGTG). A subclass in group B is represented by the bHLH-Leu zipper proteins exemplified by Myc, Mad, USF, and SREBP. Group C is formed by bHLH proteins that have a second protein-protein interaction domain, the PAS domain, and that bind to non-E-box (NACGTG or NGCGTG) core sequences. Examples of proteins included in this group are Per, Arnt, and Sim. Group D encompasses the HLH proteins (represented by Id, Emc, and Heira), which lack the basic DNA binding domain. Group E (previously considered part of group B by Atchley and Fitch [1997] ) is formed by WRPW-bHLH proteins such as Hairy and Enhancer of Split (Ledent and Vervoort, 2001 ) that preferentially bind to N-boxes (CACGGC or CACGAC), have only low affinity for E-boxes, and possess a Pro instead of an Arg residue at a crucial position in the bHLH domain (Fisher and Caudy, 1998) . Group F is formed by COE-bHLH proteins that have an additional domain involved in dimerization and DNA binding and that are divergent in sequence from the other groups described (Crozatier et al., 1996; Fisher and Caudy, 1998; Ledent and Vervoort, 2001) .
Dimerization and the recognition of different E-boxes are believed to provide mechanisms by which bHLH proteins generate sufficient diversity to regulate a variety of different transcriptional programs (Fairman et al., 1993) . In this context, the HLH proteins can function as negative regulators of bHLH proteins by forming non-DNA binding heterodimers with otherwise DNA binding bHLH proteins (Littlewood and Evan, 1998) .
In plants, the R gene product Lc, which is involved in the control of anthocyanin synthesis in maize, was the first plant protein reported to possess a bHLH motif (Ludwig et al., 1989) . However, only a few plant bHLH proteins have been studied to date, and the family remains largely uncharacterized in terms of the identification of its members and the biological processes they control. The relevance of bHLH proteins to our specific research interest, phytochrome-regulated light signaling pathways, was established with the identification of PHYTO-CHROME INTERACTING FACTOR3 (PIF3). PIF3 is a bHLH protein identified in a yeast two-hybrid screen for potential phytochrome signaling partners (Ni et al., 1998) . Molecular characterization of PIF3 demonstrated that it is a G-box binding bHLH protein that interacts preferentially with the active form of phytochrome and is involved in controlling the expression of lightregulated genes such as CCA1 and LHY (Martinez-Garcia et al., 2000) . Given the potential for bHLH proteins to diversify the control of gene expression by the formation of a spectrum of different homodimer and heterodimer combinations, coupled with the recognition of a range of different types of DNA sequence motifs, it was of considerable interest to us to characterize the Arabidopsis bHLH (AtbHLH) protein family.
During the sequencing of the Arabidopsis genome, it became apparent from sequence similarity searches of the growing databases that this genome contains a large number of bHLH-encoding genes. An estimate published at the time of the completion of the genome sequence indicated the existence of 139 such genes (Riechmann et al., 2000) . To more precisely determine the extent of the bHLH family in Arabidopsis, we have systematically analyzed candidate genes in the fully sequenced genome using a set of minimal criteria to define the signature bHLH domain. By this process, we have identified 147 bHLH-encoding genes. A recent report published since the completion of our analysis has identified 133 Arabidopsis bHLH-encoding genes (Heim et al., 2003) . Here, we explore the phylogenetic relationships among the encoded proteins and those from other organisms, examine the chromosomal distribution and diversity in gene structure in the bHLH domain of these genes, and consider the structural and functional activities predicted from the encoded sequences. We also experimentally test the predicted DNA binding activity and heterodimerization potential of two related members of the family, PIF3 and PIF4 (Huq and Quail, 2002) , that are involved in phytochrome signaling to test the hypothesis that heterodimeric interactions between the members of the family may provide a combinatorial mechanism for the control of multiple transcriptional pathways in plants, similar to that proposed for other organisms (Grandori et al., 2000; Quail, 2000; Levens, 2003) .
RESULTS

The AtbHLH Protein Family Consists of at Least 147 Members
To provide criteria for defining a bHLH protein, we referred to the studies of the amino acid sequence distribution within the bHLH domain performed by Atchley et al. (1999) . In brief, these authors analyzed the occurrence of amino acids at individual positions in the bHLH domain for 392 bHLH proteins. Based on patterns of sequence conservation, a hypothetical consensus motif that includes 19 amino acids dispersed across the bHLH domain was generated: 18 amino acids from the basic and helix regions and 1 from the loop (Table 1) .
Initially, we performed multiple BLAST (Basic Local Alignment Search Tool) searches of the Arabidopsis databases using the bHLH domain (58 amino acids) of PIF3 as our query sequence and obtained a large number of protein hits (see Methods). We identified the unique hits and removed duplications from our data set caused by the multiple identification numbers frequently assigned to the same DNA or protein sequence in the databases. The procedure was repeated several times as the genome sequence was being completed and updated versions became available. The last database search to confirm the data included in this work used the August 2002 version of the genome sequence.
Frequent apparent misannotations were encountered, often because of the presence of multiple introns in the bHLH domain. The gene structure for each bHLH domain was assessed using the program NetGene2 and by comparison with tran-script sequence where available. The protein sequences were corrected, when appropriate, and used in this analysis.
Having identified nonredundant and verified protein sequences, we developed a set of criteria to objectively define those sequences to be considered bona fide bHLH proteins as follows. To select from the initial hits obtained, we used the Atchley et al. (1999) bHLH consensus motif, representing the most conserved amino acids in the bHLH region (Table 1) . This motif allows some sequence divergence, represented as mismatches from the consensus. The most divergent class defined by Atchley et al. (1999) had up to 7 mismatches from the motif, including an average of 3.4 mismatches in the basic region alone and 3.9 mismatches in the rest of the motif.
To define the conserved amino acids and select the putative bHLH proteins in Arabidopsis, we conducted multiple protein sequence alignments using Multalin (Corpet, 1988 ) (see Methods) . We calculated manually the number of matches and mismatches from the predicted motif for each protein. A match was scored if the residue present in the Arabidopsis sequence was the same as any of those at that position listed by Atchley et al. (1999) . The frequencies of the consensus amino acids within the bHLH domains are shown in Table 1 . We defined bHLH proteins here as those that had up to 9 mismatches compared with the conserved 19 amino acids constituting the motif described by Atchley et al. (1999) . This criterion was used because of the inherent divergence of the consensus motif and the fact that, in our case, proteins with 8 and 9 mismatches had an average of 3.4 and 4.1 mismatches, respectively, in the basic region, and the mismatches within the HLH part of the protein corresponded either to conservative changes within the AtbHLH proteins or were in positions with higher variation within the motif. Proteins with more than nine mismatches had many of the mismatches in the more conserved HLH region and were not included in our analysis.
Based on these criteria, we identified 147 proteins as members of the bHLH family in Arabidopsis. Compared with the recent report by Heim et al. (2003) , we identified an additional 19 bHLH protein-encoding genes in the present study. Therefore, the combined total number of Arabidopsis bHLH genes from the two studies should be 152. However, the three sequences designated AtbHLH127 (At4g28815), AtbHLH131 (At4g38071), and AtbHLH133(At1g20095) by Heim et al. (2003) do not appear to correspond to bHLH proteins, and the two sequences designated AtbHLH109 (At1g68240) and AtbHLH84 (At2g14760) contain more than nine mismatches and therefore do not conform to our minimal criteria for inclusion. Therefore, these five sequences are not included in our total estimate or in the various analyses performed here. The complete multiple sequence alignment of the bHLH domains of these 147 proteins is shown in Figure 1 . Amino Acid Frequency within the Arabidopsis bHLH Domains b (This Study) Atchley et al. (1999) This study 
Amino acids (one-letter code) and positions within the bHLH domain used to define the members of the AtbHLH protein family. The conserved amino acids that define the motif are those reported by Atchley et al. (1999) . The original position for each conserved residue based on sequence alignments by Atchley et al. (1999) and the corresponding position for our multiple sequence alignments are indicated in the first two columns, respectively. In the last two columns, the frequencies of the residues at each position reported by Atchley et al. (1999) and those found in this study for the AtbHLH proteins are compared. Boldface letters indicate residues in the AtbHLH proteins that differ from the consensus motif but that have a representation in the group of at least 10%. a Percentages refer to the 392 bHLH proteins analyzed by Atchley et al. (1999) . b Percentages refer to the 147 Arabidopsis bHLH proteins identified in this study. Each protein is identified by its PID number and AtbHLH number (Heim et al., 2003) . The EN assigned in this study is based on the order in which the proteins are shown in this alignment. The scheme at top depicts the locations and boundaries of the basic, helix, and loop regions within the bHLH domain. The numbers below the scheme (1 to 61) indicate the position within the bHLH motif as defined in this study. For those proteins for which a name has been given, the name is provided after the PID number. The shading of the alignment presents identical residues in black, conserved residues in dark gray, and similar residues in light gray. Dots denote gaps. The Arabidopsis consensus motif at bottom is based on the residues with 50% conservation among the 147 proteins shown.
An information summary including Atg number, protein identification (PID) number, name given (for those bHLHs that have been identified by various researchers), GenBank accession number, chromosome location, and BAC/clone coordinates for each of these proteins is provided in Table 2 . For convenience, we have assigned each bHLH protein an "entry number" (EN) in the various tables and figures, representing the order of these sequences from top to bottom in the multiple sequence alignment shown in Figure 1 . In accord with the report by Heim et al. (2003) , we also included the AtbHLH numbers assigned by those authors. Because we have identified 19 additional members of the family beyond those reported by Heim The AtbHLH proteins identified in the present study are listed according to their EN determined by the multiple sequence alignment in Figure 1 . Proteins are designated according to their TAIR Atg numbers, protein accession numbers (PID), other reference numbers (AtbHLH numbers), names, chromosomal locations, map positions within the chromosome, and clone information (GenBank accession numbers and coordinates within BAC/clone). a AtbHLH numbers correspond to those assigned by Heim et al. (2003) . Numbers in boldface indicate AtbHLH proteins for which no number was assigned previously. b Sequence designated by Atg number does not coincide 100% with predicted bHLH gene sequence. c Identical bHLH domain sequence in these two different proteins. d -, The database (NCBI) annotation differs from that determined in this study. e Identical bHLH domain sequence in these two different proteins.
et al. (2003), we assigned AtbHLH numbers to these new members (AtbHLH 134 to 152) in the order of increasing EN in Figure  1 . For the purpose of the analysis here, we refer to each protein by its EN (to aid ease of location in the tables and figures) as well as by PID and/or AtbHLH number, all of which are provided in Figure 1 and Table 2 . Eight other Arabidopsis proteins described as bHLH proteins in the databases also are not included in this study because they do not comply with the criteria we have established (up to nine mismatches from the predicted motif) and do not have a high similarity to any of the proteins reported here. The accession numbers of these proteins (PID numbers) are AAG50594, AAG50694, AAF79358, CAC08333, AAC26786, CAB72153, CAB61988, and CAB93708. None of them has been shown experimentally to possess the properties of bHLH proteins. However, the possibility that divergent members of the family that did not match our criteria and were not included in our analysis do exist (including those listed above) cannot be excluded.
The AtbHLH proteins fit well the consensus motif used to select the set of proteins reported in this study, because 77% (113) of these proteins had fewer than seven mismatches from the consensus motif, and even the most divergent of them retained at least a 52% conservation of the 19 residues that constitute the motif. Two AtbHLH proteins matched the consensus motif perfectly (EN44 and EN45), and five proteins had only two mismatches (see supplemental Figure 1 online). On average, the AtbHLH proteins had 5.3 mismatches from the consensus motif and 1.6 mismatches in the basic region. However, there are certain positions that are less conserved in the AtbHLH proteins than in the consensus described by . Those differences are indicated in boldface letters in the summary of the conserved amino acids that form the motif (Table 1) and are observable in the multiple sequence alignment shown in supplemental Figure 1 online, where the fit of each of the proteins to the conserved motif is analyzed. Most of the changes are conservative in terms of the type of residue. To illustrate some of the differences in residue conservation, at position 1 (all position numbers referred to are those defined in this study), the residues are conserved in 88% of the animal proteins analyzed, whereas in Arabidopsis, the conservation decreases to 46%. We found similar results for the residues at positions 2 (93% conservation in animals versus 42% in Arabidopsis), 13 (93% in animals versus 76% in Arabidopsis), 28 (79% in animals versus 39% in Arabidopsis), and 42 (93% in animals versus 45% in Arabidopsis).
Multiple Sequence Alignments
Although the signature bHLH domain of the AtbHLH proteins is well conserved, the regions outside of this domain in the remainder of the protein generally are poorly conserved (data not shown). Therefore, our analysis here is restricted primarily to consideration of the bHLH domain, as has been the case for previous studies of this kind (Atchley and Fitch, 1997; Atchley et al., 1999; Morgenstern and Atchley, 1999; Ledent and Vervoort, 2001 ). On average, the AtbHLH proteins have 5.8 basic residues in the first 17 positions that correspond to the basic region. We identified a subset of proteins that have fewer basic residues than others and that are discussed below. The loop is the most divergent region of the domain in terms of size and amino acid composition, as has been observed for bHLH proteins from other organisms (Massari and Murre, 2000) .
An alignment of the 147 members selected (Figure 1) shows that the extremes, represented by EN1 and EN147, have a low sequence similarity (12.5%) with each other and that the common residues are restricted mainly to those in the consensus predictive motif. As revealed by database searches, the closest homologs for the identified Arabidopsis proteins are always plant proteins. Animal bHLHs have reduced sequence similarity to the AtbHLHs, often being restricted to the signature amino acids that constitute the bHLH consensus motif (data not shown).
Conversely, some AtbHLH proteins have high amino acid conservation not only in the generally more conserved helices but also in the basic region. Indeed, two pairs of AtbHLH proteins are identical to their respective counterparts across the entire bHLH domain (EN44/AtbHLH33, which is identical to EN45/AtbHLH116, and EN118/AtbHLH88, which is identical to EN117/AtbHLH37). Otherwise, among subsets of the family, conservation can be up to 79%. In supplemental Figure 2 online, we show closeups of some of the bHLH proteins that have the highest conservation of amino acid sequence among themselves.
In the alignment, we identified 17 residues with at least 50% conservation across all members (shaded in black/dark gray and indicated at the bottom of the alignment shown in Figure  1 ). Ten of the 17 correspond to residues included in the consensus domain used to select the family members (Glu-13, Arg-14, Arg-16, Leu-27, Lys-39, Leu-46, Ala-49, Ile-50, Tyr-52, and Leu-56 in our alignment). Some of these residues are reported from studies in animals to play a specific functional role (Winston and Gottesfeld, 2000) (see below). Some general differences between the AtbHLHs and the animal bHLHs were observable (data not shown). These include the previously mentioned differences in the percentages of the bHLH consensus motif amino acid conservation summarized in Table 1 . Another difference involves the location of the start of the basic region. In our alignments, we considered the basic region to be 17 amino acids long, which is 4 amino acids longer than that described by Atchley et al. (1999) . The reason for this difference is that few AtbHLHs (entry numbers 1 to 19, 22 to 25, 40, 43, 49, 50, 62, 112, 113, 117, 118, 125 to 127, 138, and 143 to 147) have at least one of the conserved basic amino acids in position 8 or 9 upstream of the conserved Glu (Glu-9 for Atchley et al., 1999) . Based on our reference bHLH protein, PIF3, we observed that these basic residues are present but are located 11 or 12 amino acids upstream of the conserved Glu. In the set of proteins reported here, 68 and 63 proteins have the first and second conserved residue in the same position as does PIF3. Therefore, we adjusted the numbering of the amino acid positions in the bHLH consensus motif, as shown in Table 1 , and concluded that the basic region of the AtbHLH proteins is 17 amino acids long.
Phylogenetic Analysis of the Arabidopsis bHLH Proteins
Using the bHLH domains from the alignments shown in Figure  1 , a neighbor-joining phylogenetic tree was generated ( Figure  2 ). In supplemental Figure 3 online, we provide the branch lengths for this tree. For statistical reliability, we conducted bootstrap analysis with 1000 replicates (see supplemental data Figure 4 online). From the values obtained in the bootstrap analysis, it was apparent that the deep nodes of the tree have low statistical support. This observation also is true for the phylogeny of bHLH proteins from other organisms, which has been attributed to the small size of the bHLH motif and the existence of numerous ancient paralogs (Atchley and Fitch, 1997) . Nevertheless, in the outer clades, the bHLH domain has better resolution, permitting subfamilies of proteins to be delimited. Based on the statistical support of each branch, we selected those with a bootstrap value of Ͼ 50 to divide the AtbHLH protein family into 21 subfamilies, numbered 1 to 21 (Figure 2, right) . In supplemental Figure 5 online, we show the amino acid sequence of each bHLH domain and the phylogenetic subfamily to which it belongs. We could not infer evolutionary relationships between the different subfamilies of bHLH proteins because the internal nodes do not show high support. By contrast, within each subfamily, the strong amino acid sequence conservation is evident from the short branch lengths at the tips of the tree, suggestive of strong evolutionary relationships among subfamily members. The fact that plant bHLH proteins do not seem to have close animal homologs was demonstrated when we attempted to include classic examples of animal bHLH proteins in our tree. No monophyletic clades that included AtbHLH proteins were formed (data not shown). This phenomenon also was observed by Ledent and Vervoort (2001) in their study of Caenorhabditis elegans and Drosophila bHLHs.
Because the analysis described above used only a single alignment method (Multalin), we also investigated the effect of another method on tree topology. Using CLUSTAL W for the alignment resulted in a neighbor-joining tree that was only minimally different from that shown in Figure 2 (data not shown). Of the 21 subfamilies, 19 remained unchanged in both trees. In the remaining two subfamilies, only seven genes clustered differently compared with the Multalin analysis, establishing that 95% of the AtbHLH proteins clustered in the same subfamilies The unrooted tree, constructed using PAUP 4.0, summarizes the evolutionary relationships among the 147 members of the AtbHLH protein family. The proteins are named according to their PID numbers (see Figure 1 and Table 2 ). The tree was constructed using the amino acid sequence of the bHLH domain for each protein. The tree shows the 21 phylogenetic subfamilies (right column, numbered 1 to 21 and marked with different alternating tones of a gray background to make subfamily identification easier) with high predictive value (bootstrap support of 50 or greater). The internal nodes are not supported by the sampling method and do not necessarily give a true indication of the phylogenetic relationships between the different sub-by the two methods of alignment. Differences were observed in the deep nodes by the two methods, but the bootstrap values for these branches in the CLUSTAL W neighbor-joining analysis were low, like those for the Multalin neighbor-joining analysis, rendering these differences unreliable. We also investigated the effect of using an alternative method of phylogenetic tree construction. Using maximum parsimony analysis, we obtained a majority rule 50% consensus phylogenetic tree (of 1000 trees created) that was very similar to that obtained with the neighbor-joining method (see supplemental Figure 6 online). Of the 21 subfamilies identified by neighbor joining, 14 remained unchanged in the maximum parsimony analysis. In the remaining seven subfamilies, only 10 genes were clustered differently in the parsimony compared with the neighbor-joining analysis. Thus, 93% of the AtbHLH proteins were clustered into the same subfamilies by the two methods. We conclude that the neighbor-joining tree presented (Figure 2 ) provides a reliable indication of the likely phylogenetic relationships between the AtbHLH proteins within subfamilies.
Intron Distribution within the bHLH Domain
As part of our annotation verification process, we analyzed the intron distribution within the bHLH domain of all of the bHLH genes reported here. We observed nine different distribution patterns (designated A to I) ranging from three to zero introns within the domain (Figure 3) . The results show that 80% of the identified members of the family have introns in their bHLH domains, and in most cases, the intron position is conserved, even though the number can vary. The most common pattern involves three introns in the bHLH region, as is the case with our reference protein, PIF3. Only 8% of the genes had introns in the bHLH domain at positions different from the rest of the members of the family (patterns F, G, and H), and 20% showed no introns in the bHLH region (pattern I). The supplemental data online includes a summary of the intron distribution pattern for each of the proteins identified in this study (see supplemental Figure 5 online).
We analyzed whether the intron/exon position and distribution patterns corresponded with the phylogenetic subfamilies defined in Figure 2 . Indeed, a clustering of similar patterns within subfamilies was observable (Figure 2, intron pattern) . For example, members of subfamily 8 have the same intron distribution pattern (pattern I), and this is different from the pattern shown by the members of subfamily 9 (pattern E). The same situation is observed for subfamilies 5 and 6, 10 and 11, 14 and 15, and 18 and 19. The three cases in which the intron position within the bHLH domain is different from the general patterns observed correspond to proteins in subfamilies 3 (pattern H), 6 (patterns G and H), and 11 (pattern F). For these proteins, even though the position of the intron is different, their fit to the bHLH consensus motif is good (with four to six mismatches). Therefore, the intron/exon distribution patterns give further support for the phylogenetic subfamilies defined here.
The AtbHLH Genes Are Distributed throughout the Arabidopsis Genome
Based on the chromosomal location information provided by the National Center for Biotechnology Information (NCBI; Arabidopsis genome update from August 2002), we localized the AtbHLH genes in the five Arabidopsis chromosomes and determined that the family is distributed across all of them (Figure 4 ). There are some areas with higher density of bHLH genes that include clusters of up to 11 genes, such as the bottom of chromosome II, the top of chromosome III, and the bottom of chromosome IV. Conversely, there are large regions that are apparently devoid of bHLH genes, including the top half of chromosome II and the central sections of chromosomes III and V. There are very few bHLHs (8%) in nonduplicated regions of the genome.
Analysis of the designated genome tandem arrays and intrachromosomally and interchromosomally duplicated areas (TIGR database) and their relationship to the localization of genes highly similar in their predicted bHLH domains (Figure 4) indicates that, overall, 38% of the AtbHLH proteins could have evolved from some type of genome duplication event. More specifically, there are 11 cases of duplicated genomic region tandem arrays that include homologous bHLH domains. These cases, encompassing 25 proteins, constitute 17% of the total number of AtbHLH proteins (for the specifics of each case, see supplemental Figure 7A online). Another 48 of the closely related AtbHLH genes (32% of the members of the family) can be grouped into putative intrachromosomal (4 cases involving 8 proteins) and interchromosomal (15 cases involving 40 proteins) duplication events (see supplemental Figures 7B and 7C online). Additional evidence that supports the common origin of closely related bHLHs from duplication events in the genome comes from the intron distribution patterns within the bHLH domain. As shown in Figure 4 , there is a strong correlation between the examples of duplication discussed above and the conservation of the intron distribution pattern within the genes involved (indicated by the connecting lines).
For the remaining genes, even though they are localized mostly in putatively duplicated areas of the genome, there is no direct correlation between their localization and the degree of sequence relatedness in their bHLH domain amino acid sefamilies of bHLH proteins. Functionally characterized AtbHLH proteins are indicated with arrows and their names (Table 2 ; see also supplemental Table 4 online). The tree shown has branch lengths that are not proportional to the distance between sequences. The alignment on which the tree is based is shown in Figure 1 Figure 3 . The color code in the left column (Predicted DNA binding Category) indicates the predicted DNA binding activity of each protein. Pink indicates putative G-box binders; blue indicates putative non-G-box binders; green indicates putative non-E-box binders (i.e., possible DNA binding capacity but no predicted recognition of an E-box); and yellow indicates putative non-DNA binders (see Table 3 for categories). quences. However, exemplified by the bottom of chromosomes II and III, the intron pattern within the proteins localized in large duplicated areas tend to have some degree of conservation. Based on our analysis, we propose that some bHLHs might have a recent common evolutionary origin and that the large size of the bHLH protein family can be explained in part by the segmental and tandem duplications that occurred in the genome.
Predicted Functional Properties of the AtbHLH Proteins
There are two important functional activities determined by the amino acid sequence of the bHLH domain: DNA binding and dimerization.
DNA Binding Properties
The basic region in the bHLH domain determines the DNA binding activity of the protein (Massari and Murre, 2000) . Therefore, the presence or absence of basic residues in the first 17 positions of the bHLH domain is the basis for defining the first two major categories of AtbHLH proteins in terms of DNA binding properties: (1) DNA binding bHLHs and (2) non-DNA binding bHLHs (Table 3) . A total of 120 proteins are predicted to bind DNA, because they have an average of 6 basic residues in the first 17 positions, whereas 27 proteins are predicted not to bind DNA, because they have a "less basic region" (an average of 3.8 basic residues in the first 17 positions) (Table 3; see also  supplemental Tables 1 and 2 
online).
The DNA binding bHLH category can be subdivided further into two subcategories based on the predicted DNA binding sequence: (1) the E-box binders and (2) the non-E-box binders (Table 3 ). This subdivision is based on the presence or absence of two specific residues in the basic region: Glu-13 and Arg-16 (position numbers are based on our alignment, corresponding to positions 9 and 12 in the motif described by Atchley et al. [1999] ) (Table 1, Figure 1 ). These residues constitute the E-box recognition motif, because they are conserved in the proteins known to have E-box binding capacity (Fisher and Goding, 1992; Littlewood and Evan, 1998) . The analysis of the crystal Scheme of the intron distribution patterns (color coded and designated A to I) within the bHLH domains of the AtbHLH proteins. Introns are indicated by triangles and numbered (1 to 3) based on those present in the bHLH region of PIF3, which is shown at top. When the position of the intron coincides with that found in PIF3, the intron number is given above the triangle. For patterns F, G, and H, no intron number above the triangle indicates that the location of the intron within the bHLH domain is different from that found in PIF3. The percentage of proteins with each pattern is given at right. The correlation of intron distribution patterns and phylogenetic subfamilies is provided in Figure 2 (central column, color coded), and the chromosomal distribution of intron patterns is provided in Figure 4 (colored ovals adjacent to each entry number). Deduced chromosomal positions of the AtbHLH genes are indicated by EN (assigned in Figure 1 ). Segmentally duplicated regions in the chromosomes (Chr I to V) are indicated by boxes of the same color (adapted from TIGR). The total number of bHLH genes per chromosome is indicated at the top of each chromosome in parentheses. The scale is in megabases (Mb) and is adapted from the scale available on the TIGR database (see Methods). The small colored ovals at left of the ENs indicate the intron distribution patterns within each gene. The color code corresponds to the intron patterns shown in Figure 3 . Connecting lines (blue and pink) mark the specific cases in which there is a strong correlation between duplicated genomic regions and the presence of bHLH genes with both closely related predicted amino acid sequence (close ENs) and the same intron pattern. The blue lines link cases associated with apparent intrachromosomal duplications (see supplemental Figure 7B online), and the pink lines link cases associated with apparent interchromosomal duplications (for more details, see supplemental Figure 7C online). structures of USF, E47, Max, MyoD, and Pho4 (Ellenberg et al., 1994; Ferre-D'Amare et al., 1994; Ma et al., 1994; Shimizu et al., 1997; Fuji et al., 2000) has shown that Glu-13 is critical because it contacts the first CA in the E-box DNA binding motif (CANNTG). Site-directed mutagenesis experiments with Pho4, in which other residues (Gln, Asp, and Leu) were substituted for Glu-13, demonstrated that the substitution abolished DNA binding (Fisher and Goding, 1992) . Meanwhile, the role of Arg-16 is to fix and stabilize the position of the critical Glu-13; therefore, it plays an indirect role in DNA binding (Ellenberg et al., 1994; Shimizu et al., 1997; Fuji et al., 2000) .
In the AtbHLH protein family, 108 proteins have the conserved Glu-13/Arg-16 pair. In addition, one more (EN139/ AtbHLH47) has Glu-13 but lacks Arg-16 and has a Lys in this position. Because this type of amino acid substitution is conservative, and animal proteins such as SREBP (Hua et al., 1993) , although missing Arg-16, bind E-boxes, we considered EN139/AtbHLH47 part of this category. Experimental evidence is necessary to determine whether deviation from the consensus permits the retention of binding capacity. The predicted E-box binding bHLHs represent 74% of the total AtbHLHs reported in this study (Table 3) . For a list of the proteins included in this category, see supplemental Table 1a online.
The E-box binding bHLHs can be categorized further into subgroups based on the type of E-box recognized. Crystal structures show that the type of E-box binding preferences are established by residues in the basic region, with the best understood case being that of the G-box binders (Ellenberg et al., 1994; Ferre-D'Amare et al., 1994; Shimizu et al., 1997) . Therefore, we have further subdivided the Arabidopsis E-box binding bHLHs into (1) those predicted to bind G-boxes and (2) those predicted to recognize other types of E-boxes (non-G-box binders) (Table 3) .
There are three residues in the basic region of the bHLH proteins: His/Lys, Glu, and Arg at positions 9, 13, and 17 (positions are relative to the alignment shown in Figure 1 , which correspond to positions 5, 9, and 13 in the motif described by Atchley et al. [1999] ), which constitute the classic G-box (CACGTG) recognition motif. Glu-13 is the key Glu involved in DNA binding, and analysis of the crystal structures of Max, Pho4, and USF indicates that Arg17 confers specificity for CACGTG versus CAGCTG E-boxes by directly contacting the central G of the G-box. His-9 has an asymmetrical contact and also interacts with the G residue complementary to the first C in the G-box (Ferre-D'Amare et al., 1994; Shimizu et al., 1997; Fuji et al., 2000) . In Arabidopsis, 89 proteins (60% of the total number and 81% of the proteins predicted to bind DNA) have the conserved His/Lys-9, Glu-13, and Arg-17 residues and therefore would be predicted to be G-box binders (Table 3 ). The complete list and bHLH domain sequences of these proteins are provided in supplemental Table 3a online.
The rest of the AtbHLHs with E-box binding capacity but lacking the conserved residues to preferentially bind a G-box (20 proteins) (Table 3) were defined as non-G-box binders. For these proteins that lack the combination His/Lys-9 and Arg-17, the recognition mechanism of the central bases is not yet defined. The MyoD crystal structure showed no direct contact with the central bases, raising the possibility that the contacts could be water directed (Ma et al., 1994) . The members of this category are listed in supplemental Table 3b online.
Apart from the described E-box binding proteins, the second subcategory of predicted DNA binding bHLHs is formed by 11 proteins (ENs 61, 67, 68, 111, 117, 123, 124, 131, 132, 142, and 143 ) that lack the E-box binding residues but that do have a considerable number of basic residues in their "basic region" (five to eight basic residues). These proteins with "unusual" basic regions might be able to bind DNA but lack the sequence specificity for E-boxes; therefore, they are defined as non-E-box binding proteins in this study (Table 3; see also supplemental Table 1b online) . To date, DNA binding has not been tested experimentally for any of these proteins.
The non-DNA binding AtbHLHs (called simply HLH proteins) comprise 27 proteins with a "less basic region" that also lacks the Glu-13/Arg-17 necessary for binding to the E-box. The presence of Pro residues in the basic region of most of these proteins could indicate a differential positioning with respect to the DNA as a result of modified folding (Table 3 ). The non-DNA binding HLHs could have a function similar to that of the animal ID-HLH proteins, as negative regulators of E-box binding bHLHs through the formation of heterodimers that have lost the capacity to bind DNA (Fairman et al., 1993) . The members of this category are summarized in supplemental Table 2 online.
The distribution of these predicted DNA binding properties across the various phylogenetic subfamilies is shown color coded in the phylogenetic tree (Figure 2) . Starting with the predicted DNA binding proteins in the E-box binding category of bHLHs, the predicted G-box binders form phylogenetic subfamilies 1, 2, 3, 5, 8, 10, 11, 15, 17, 18, 21 , and part of 7 (Figure  2, pink) . The non-G-box binders form phylogenetic subfamilies 4, 6, 9, and 16, with two forming part of subfamily 13 (Figure 2 , blue). The non-E-box binders (Figure 2 , green) form subfamily 20 and part of phylogenetic subfamilies 12, 13, 14, and 15. The other members of subfamilies 12 and 14 are HLH proteins, whereas the rest of the members of subfamily 13 are predicted to bind E-boxes (Figure 2 , yellow and blue, respectively). The predicted non-DNA binding HLH proteins (Figure 2, yellow) , form subfamily 19 and part of subfamilies 7, 12, 14, and 18 in the phylogenetic tree. Together, these data indicate that the different phylogenetic subfamilies may have evolved different functional activities based on their DNA binding capacities and sequence recognition specificities.
Dimerization
bHLH proteins are well known to dimerize, but the critical molecular determinants involved are not well defined (Shirakata et al., 1993; Littlewood and Evan, 1998; Ciarapica et al., 2003) . On the other hand, the Leu residue at position 27 in our alignment has been shown to be structurally necessary for dimer formation in the mammalian Max protein (Brownlie et al., 1997) . Therefore, it is notable that this is the only invariant residue in all 147 AtbHLH proteins ( Figure 1 , Table 1 ), consistent with a similar essential function in plant bHLH protein dimerization. Current information indicates that dimerization specificity is affected by multiple parameters, including hydrophobic interfaces, interactions between charged amino acids in the HLH region, and partner availability, but no complete explanation for partner recognition specificity has been documented (Ciarapica et al., 2003) . Thus, although empirically it seems logical that bHLH proteins most closely related in sequence in the HLH region are the most likely to form heterodimers, there has been no systematic investigation of this possibility to date. In plants, heterodimers between two members of the bHLH family, PIF3 and HFR1, have been reported . HFR1 is a bHLH protein with an atypical basic region that is associated in our phylogenetic analysis with the subfamily formed by the PIF3-like proteins. Based on the characteristics of HFR1, the dimer formed by HFR1 and PIF3 could act as a regulatory type of heterodimer either by preventing PIF3 from binding to an E-box or by targeting the dimer to a different type of DNA recognition motif. Moreover, in terms of interacting partners in a functional context, although HFR1 is unable to bind directly to phytochromes A and B, the heterodimers of PIF3 and HFR1 can form a ternary complex with phytochromes A and B .
To examine experimentally the question of whether related Arabidopsis bHLH proteins that are individually capable of DNA binding can form heterodimers that retain DNA binding activity, we investigated the interaction between PIF3 and PIF4 using a combination of different approaches. Data from a yeast twohybrid ␤ -galactosidase assay showed that GAL4 activation domain (GAD):PIF4 interacts strongly with GAL4 DNA binding domain (GBD):PIF3 ( Figure 5A ), consistent with heterodimerization, although this interaction is weaker than for GAD:PIF3-GBD:PIF3 homodimer formation in this assay. The interaction between PIF4 and PIF3 also was confirmed in vitro, where the two proteins were cotranslated in the TnT system (see Methods). PIF4:GAD and GAD:PIF3 reciprocally coimmunoprecipitated PIF3 and PIF4, respectively ( Figure 5B ). These results confirm that these two proteins can interact physically with each other.
We also investigated whether PIF4 and PIF3 can bind as dimers to the G-box DNA motif. We used PIF4:GAD and a truncated version of PIF3, which lacks the N-terminal 308 amino acids but contains the bHLH domain, including the C-terminal portion, for better separation of the heterodimer complex. The presence of a complex that migrates as an intermediately sized band between the presumptive N308PIF3-N308PIF3 homodimer complex and the PIF4:GAD-PIF4:GAD homodimer complex provides evidence that PIF3 and PIF4 can form heterodimers that are capable of recognizing the G-box motif in a sequence-specific manner ( Figure 5C ). Therefore, the data indicate that AtbHLH proteins have dimerization properties similar to those of their animal counterparts, because they have the potential to dimerize with more than one partner and to form heterodimeric molecules capable of sequence-specific DNA binding.
Comparison of AtbHLH Proteins with Those of Other Eukaryotes
Of the sequenced eukaryotic genomes, only the human genome is predicted to encode a greater total number of transcription factors than the Arabidopsis genome (Riechmann et al., 2000) (Table 4 ). For the bHLH proteins, the Arabidopsis genome encodes 2.6 times as many bHLHs as the Drosophila genome, 4.2 times more than the C. elegans genome, and 30 times more than the yeast genome (Table 4) . A search by functional category of the human genome database indicates the presence of 174 bHLH proteins, and based on data from the Mouse Genome Sequencing Consortium (Waterston et al., 2002) , we estimate the presence of ‫ف‬ 140 bHLHs. All of these numbers may represent an underestimation for all organisms, because many proteins have not been assigned yet to clear functional categories based on sequence similarities.
Analysis of the predicted properties of these bHLHs shows that in Arabidopsis, the most abundant type are the putative G-box binders, as they are in animals, in which they are classified as phylogenetic group B (Atchley and Fitch, 1997) . This observation correlates well with the proposal that group B is the ancestral bHLH type (Atchley and Fitch, 1997; Ledent and Vervoort, 2001 ). However, the AtbHLH G-box binders are distributed in different subfamilies and thus do not form a unique monophyletic clade, as do the animal proteins. We observed a similar situation for the non-E-box binding class of AtbHLHs. This type of bHLH does not have close homologs in the animal kingdom, but it might be equivalent to the animal proteins that bind preferentially to a noncanonical core sequence (such as the N-boxes). However, DNA binding properties have not been demonstrated for any of them yet. No AtbHLHs have the signature residues that define animal group A (Atchley and Fitch, 1997) . Another type of bHLH represented in Arabidopsis and animals are the HLHs (non-DNA binders). However, we found no close sequence similarity between the AtHLHs and the animal ID-like proteins (group D) (Atchley and Fitch, 1997) . Functional analysis will be necessary to determine if the AtHLHs function as negative regulators of bHLH proteins.
In other eukaryotes, apart from the bHLH domain, additional functional domains have been identified in the bHLH proteins. These additional domains play roles in protein-protein interactions (e.g., PAS, WRPW, and COE in groups C, E, and F, respectively) and in bHLH dimerization specificity (e.g., the zipper [ZIP] domain, part of group B). Even though we focused our analysis on the bHLH domain, we also surveyed the AtbHLHs for the presence of these other motifs. ZIP domains were detected using the program created by Bornberg-Bauer et al. (1998) in seven AtbHLH proteins, immediately C terminal to the bHLH domain, like the configuration in animal bHLH-Leu zipper (bHLHZIP) proteins (Dang et al., 1992) . These AtbHLHZIP proteins (ENs 133 through 139) cluster tightly together in subfamily 6 in the phylogenetic tree (Figure 2 ), suggesting that they arose by relatively recent gene duplication events. The only other AtbHLH protein that has been predicted in the literature to have a ZIP domain is AtMYC2, previously called Rd22BP1 (EN38/ AtbHLH6) (Abe et al., 1997 (Abe et al., , 2003 . This protein shows three Leu residues in a row, but the spacing is not strictly six amino acids apart and no coiled-coil structure is predicted for it. Therefore, we do not classify this protein as a bHLHZIP.
The PAS-bHLHs are important regulatory components in the regulation of circadian clocks, hypoxia, and toxin metabolism in other organisms (Ledent and Vervoort, 2001 ). They are characterized by the presence of a pair of PAS domains on the C-terminal side of the protein, after the bHLH domain. The exact position of the PAS domains is variable. We made use of the NCBI (A) PIF3 and PIF4 interact in a yeast two-hybrid assay. The left panel shows interaction in a plate growth assay. The combination of constructs used in each section is indicated in the circle (middle) and at right. The right panel shows Miller units in a quantitative liquid ␤-galactosidase assay. GBD and GAD denote GAL4 DNA binding and activation domains, respectively. GAD:PIF4 denotes the GAL4 activation domain:PIF4 fusion protein, and GBD:PIF3 denotes the GAL4 DNA binding domain:PIF3 fusion protein. aa, amino acids; NLS, nuclear localization signal. (B) PIF3 and PIF4 interact in vitro. Full-length PIF3 or PIF4 cDNAs either alone or fused to GAD were used as templates for synthesizing the proteins for this coimmunoprecipitation assay. All proteins were synthesized as 35 S-Met-labeled products in a TnT reaction. PIF4:GAD, PIF4 fused at its C terminus to the GAL4 activation domain; GAD:PIF3, PIF3 fused at its C terminus to the GAL4 activation domain. (C) PIF3 and PIF4 bind to the G-box both as homodimers and as a PIF3:PIF4 heterodimer. PIF4:GAD and a truncated N308PIF3 clone were coexpressed in a TnT reaction, and 1 L of this TnT mix was used for DNA binding. PIF4:GAD and N308PIF3 also were expressed in a TnT reaction separately and used to bind to the G-box DNA as homodimers. A total of 30,000 cpm of labeled probe was used in each lane. The binding conditions were as described by Huq and Quail (2002) . pLUC control plasmid was translated in the TnT reaction and used as the TnT-only control. The samples were separated on a 5% gel, and the gels were dried and exposed to PhosphorImager (Molecular Dynamics, Sunnyvale, CA) or x-ray film for analysis. FP, free probe; mut, mutant; wt, wild type.
Consensus Domain Search program to search for the presence of PAS domains in the predicted full-length AtbHLH proteins (NCBI protein database). This program recognizes canonical PAS domains represented in the database, such as those in Per, Arnt, and Sim proteins, but it did not detect any similarity in the AtbHLHs. A BLAST search with Per-Arnt-Sim PAS domains also reported no hits in Arabidopsis. However, considering the sequence variability within PAS domains, a more refined method might be necessary to detect them. Two AtbHLHs, PIF3 and PIF4, have been proposed to have a region with limited similarity to the PAS motif (Ni et al., 1998; Huq and Quail, 2002) . However, recent more comprehensive computational analysis, benefiting from the accumulation of a large number of PAS-related sequences not available when PIF3 was identified initially (Ni et al., 1998) , concludes that the PIF3 sequence is insufficiently related to the currently defined consensus motif to be classified as a bona fide PAS domain (Iyer et al., 2003) . In addition, even if these PIF sequences were in fact PAS-like domains, there are two clear structural differences between these proteins and the animal PAS-bHLHs: first, PIF3 and PIF4 each have only one such domain; and second, it is located on the N-terminal side with respect to the bHLH domain. Together, these data suggest that plant bHLH proteins lack PAS domains.
None of the predicted AtbHLH proteins have a WRPW motif at the C-terminal end of the protein, nor do they display the atypical HLH motif with a duplicated helix 2, characteristic of the COE-bHLHs (Crozatier et al., 1996; Dubois and Vincent, 2001) . Therefore, except for the few members with ZIP domains, none of the classic domains associated with some other eukaryotic bHLHs appear to be present in the AtbHLHs. Together, these data suggest that the plant bHLH family has not evolved the same degree of diversity within the bHLH domain or the same set of additional recognizable motifs as its counterparts in other organisms.
The PIF3-Like Proteins
As indicated, our initial interest in the AtbHLH proteins came from the proposed central role of PIF3 in phytochrome signaling and the possibility that other members of the family may have a similar function (Quail, 2000) . The phylogenetic analysis presented here indicates that the members of subfamily 15 are the most closely related to PIF3 (Figure 2 ). The experimental data obtained to date indicate that of the 15 proteins in this subfamily, three members, PIF3, PIF4, and HFR1, are involved in phytochrome-regulated responses (Ni et al., 1998; Fairchild et al., 2000; Huq and Quail, 2002) , whereas two others, ALC and SPT, are not. The latter two proteins instead are involved in gynoecium development (Heisler et al., 2001; Rajani and Sundaresan, 2001 ). On the one hand, although the data verify that proteins with closely related bHLH domains can have similar biological functions, they likewise demonstrate that such related proteins can have very divergent functions. Thus, although the present phylogenetic analysis clearly provides a certain degree of predictive value, continued systematic forward-and reverse-genetics analyses will be necessary to define the functional activities of these proteins and to refine our understanding of the relationship between the predicted bHLH sequence and these activities.
DISCUSSION
The identification of 147 bHLH-encoding genes in Arabidopsis establishes this as the second largest transcription factor family in the genome (constituting 9.5% of the total number of transcription factors present), behind only the MYB superfamily of 190 members (Riechmann et al., 2000) , and as one of the larger gene families overall in this species. Similar systematic analyses of some of the other large Arabidopsis transcription factor families have been reported, including the R2R3-MYB family (125 members) (Stracke et al., 2001) , the bZIP family (75 members) (Jakoby et al., 2002) , and the WRKY superfamily (61 members) (Eulgem et al., 2000) . However, many of the remaining plant transcription factor families that have been identified (Riechmann et al., 2000) have not been analyzed in depth. Although several other sequenced eukaryotes also have large bHLH families, when expressed as a percentage of the total genes present in the genome, Arabidopsis has the largest relative representation at 0.56% of the identified genes, compared with yeast (0.08%), C. elegans (0.20%), Drosophila (0.40%), Takifugu rubripes (0.40%), human (0.40%), and mouse (0.50%) (Riechmann et al., 2000; Ledent and Vervoort, 2001; Mewes et al., 2002; Waterston et al., 2002) . This observation suggests that the bHLH factors have evolved to assume a major role in The asterisks indicate the source of the data for number of genes, number of transcription factors, and number of bHLH proteins (except for Arabidopsis, which was reported in this study): *Mewes et al. (2002) and MIPS Comprehensive Yeast Genome Database; ** Riechmann et al. (2000) and Ledent and Vervoort (2001) ; *** Venter et al . (2001) . a Number taken from a database search of the human genome database.
plant transcriptional regulation. On the other hand, plant bHLHs appear to have evolved a narrower spectrum of variant sequences within the bHLH domain than those of the mammalian systems and appear to lack some of the various ancillary signature motifs, such as the PAS and WRPW domains, found in certain bHLH protein subclasses in other organisms. Phylogenetic analysis of the bHLH domain allows division of the AtbHLH family into 21 subfamilies. The clustering of the members within these subfamilies is further supported by additional analysis with regard to other criteria, namely, predicted DNA binding capacity and sequence specificity, exon/intron organization and distribution pattern within the domain, and chromosomal location. These data support the general conclusion that members within subfamilies may have recent common evolutionary origins, resulting from various genomic duplication events, and may have related molecular functions. On the other hand, the strong sequence diversity outside of the bHLH domain across all members of the AtbHLH family suggests that the expansion of this family in Arabidopsis may have involved extensive domain shuffling after the duplication events, as in other organisms (Morgenstern and Atchley, 1999) .
To date, the biological functions of only 14 members of the Arabidopsis family have been established, leaving Ͼ 90% yet to be functionally characterized. Of the proteins characterized, three, PIF3, PIF4, and HFR1, are involved in phytochrome signaling (Ni et al., 1998; Fairchild et al., 2000; Huq and Quail, 2002) , two, SPT and ALC, are involved in gynoecium development (Heisler et al., 2001; Rajani and Sundaresan, 2001) , TT8 is involved in regulating flavonoid biosynthesis (Nesi et al., 2000) , GL3 (the closest homolog of the maize R gene) is involved in trichrome differentiation (Payne et al., 2000) , AMS is involved in microspore development (Sorensen et al., 2003) , AtMYC2 is involved in abscisic acid-induced gene expression (Abe et al., 1997 (Abe et al., , 2003 , ATR2 is involved in tryptophan biosynthesis (Smolen et al., 2002) , BEE1, BEE2, and BEE3 are involved in brassinosteroid signaling (Friedrichsen et al., 2002) , and ICE1 is involved in chilling and freezing tolerance responses (Chinnusamy et al., 2003) (summarized in supplemental Table 4 online). This analysis indicates that the bHLH family is likely to participate in regulating a broad range of growth and developmental processes at all phases of the plant life cycle.
The known molecular properties of bHLH proteins suggest a general mechanism by which such regulation may be accomplished. This mechanism involves the generation of a high degree of complexity and diversity in transcriptional regulatory activity through variation in the DNA sequence motif recognized by individual bHLH proteins, the capacity to combinatorially amplify the spectrum of possible specific protein-DNA interactions, through selective heterodimerization between bHLH proteins with different DNA sequence recognition specificity, and the capacity to interact with a network of transcriptional coactivators, corepressors, and signaling molecules through selective protein-protein interactions (Grandori et al., 2000; Baudino and Cleveland, 2001; Ciarapica et al., 2003; Levens, 2003) .
The DNA sequence to which bHLH proteins bind appears to consist of a hierarchy of nucleotide sequence elements, progressing from those involved in recognition by many or most DNA binding members of the family to those potentially permitting highly specific discrimination between individual family members. The available data indicate that a hexanucleotide sequence is the core element recognized by all or most DNA binding members of the family. The nucleotide sequence within this core element provides both a common link between all DNA binding members of the family and the first level of binding selectivity. The core hexanucleotide sequence includes a range of motifs from the canonical E-box, CANNTG, and its variants, such as the G-box, CACGTG, to non-E-box motifs, such as the N-box variants CACGGC and CACGAC (Littlewood and Evan, 1998; Ledent and Vervoort, 2001) . The presence of one or more of these motifs in different promoters potentially provides the first level of sequence-selective targeting of different subgroups of the bHLH family to different promoters. However, because of the limited number of sequence permutations within the hexanucleotide core and the large number of bHLH proteins known or predicted to bind to individual variants, such as a G-box (Table 3) , two nonexclusive possibilities present themselves: (1) there may be high levels of redundancy, whereby large numbers of different bHLH proteins may bind to the same target site in a single promoter; and/or (2) other nucleotides outside of the hexanucleotide core may confer increased sequence recognition specificity up to the logical maximum of exclusive binding by a single bHLH family member.
There is some evidence that nucleotides outside of the core do in fact confer additional sequence specificity (Fisher and Goding, 1992; Littlewood and Evan, 1998) , but experimental data are limited and essentially nonexistent for Arabidopsis. Currently, therefore, the potential exists for a spectrum of Arabidopsis gene promoters ranging from those targeted by multiple bHLH family members to those targeted uniquely by one member. The available genetic data are consistent with both scenarios. For example, some monogenic mutants, such as spt and alc , display visible phenotypes that indicate the absence of redundancy with any of the other 146 bHLH proteins (Heisler et al., 2001; Rajani and Sundaresan, 2001) , whereas three bHLH proteins, BEE1, BEE2, and BEE3, appear to function redundantly in the brassinosteroid pathway (Friedrichsen et al., 2002) .
The core DNA binding domain of the bHLH proteins encompasses the basic region of the bHLH domain and contains the residues that recognize and bind to the core hexanucleotide motif (Massari and Murre, 2000) . The amino acid sequence in this region provides the first major subdivision of the bHLH family into those that are predicted to bind DNA and those that are not (Table 3) . Key residues in this region also confer the capacity to discriminate between variants of the hexanucleotide motif, leading to the first level of subdivision of DNA binding bHLH proteins into those shown or predicted to bind to the canonical E-box motif, CANNTG, and those that are not (non-E-box binders) but that do bind to other variants of this sequence (Table 3) . Additional residues within the basic region confer further DNA binding site sequence selectivity, permitting discrimination between, for example, G-box and non-G-box core motifs. Residues involved in potential higher order binding sequence specificity are poorly defined, but there is some evidence that residues in the loop region of the bHLH domain may contact nucleotides outside of the core motif, thereby conferring increased specificity of DNA sequence recognition (Nair and Burley, 2000) .
Thus, although much remains to be learned, the existing sequence information regarding the Arabidopsis bHLH proteins is consistent with a diversity of paired DNA binding site-bHLH protein combinations, ranging from exclusive to highly redundant.
The high degree of divergence in amino acid sequence outside of the bHLH domain of the Arabidopsis bHLH proteins suggests significant diversity in the molecular functions of these domains. Two such potential formal functions are the detection of incoming regulatory signals from various cellular pathways and the direction of the transcriptional activity of the target gene. Evidence for the existence of at least one interacting signaling molecule in Arabidopsis has been provided in the case of PIF3, in which photoactivated phytochrome has been shown to bind specifically to DNA-bound PIF3 (Martinez-Garcia et al., 2000) . That this binding involves a domain outside of the bHLH domain has been established by binding studies with deletion derivatives of PIF3 (Martinez-Garcia et al., 2000; Zhu et al., 2000) . Evidence has been presented for the interaction of bHLH proteins with core transcriptional initiation complex proteins (Roy et al., 1991; Pscherer et al., 1996) and with certain transcriptional coactivators and/or repressors in other systems (Paroush et al., 1994; Puri et al., 1997; Dhordain et al., 1998; Grandori et al., 2000; Massari and Murre, 2000; Beischlag et al., 2002; Levens, 2003) . However, to date, no data are available for any Arabidopsis bHLH proteins.
The HLH region of the bHLH domain is responsible for the dimerization of bHLH proteins, providing the potential for either homodimerization and/or heterodimerization (Grandori et al., 2000; Massari and Murre, 2000) . The amino acid sequence in this region presumably dictates the specificity of the interaction, but relatively little is known about how the specificity is defined (Ciarapica et al., 2003) . There is evidence, however, for a variety of interaction patterns among different family members in nonplant systems, including apparent obligate homodimerization or heterodimerization, or the dual capacity for both homodimerization and heterodimerization (Grandori et al., 2000; Baudino and Cleveland, 2001; Ciarapica et al., 2003; Levens, 2003) . Clearly, the capacity to heterodimerize with other family members immediately expands the diversity of possible intermolecular interactions, potentially creating new functional activities, such as recognition of new hybrid DNA binding sites, and directing the convergence of separate signaling pathways to the same promoter via the pairing of domains that recognize distinct signaling molecules (Grandori et al., 2000; Massari and Murre, 2000) .
The magnitude of the increase in the number of possible new combinations generated by heterodimerization will depend on the promiscuity of partner recognition between family members. This has been found to vary considerably in other systems (Grandori et al., 2000; Baudino and Cleveland, 2001; Levens, 2003) . The large size of the Arabidopsis bHLH family presents the theoretical opportunity for an enormous number of combinatorial interactions. To date, there is limited evidence that closely related Arabidopsis bHLH family members can heterodimerize (Figure 5 ), verifying, in principle, the notion that this mechanism may function in plants.
More extensive analysis will be needed to define the extent to which this capacity extends across the family.
METHODS
Database Search and Annotation Verification
Multiple database searches were performed to identify members of the Arabidopsis thaliana basic/helix-loop-helix (AtbHLH) protein family. We used the Basic Local Alignment Search Tool (BLAST) search capabilities (TblastN and BlastP) available on the National Center of Biotechnology Information (http://www.ncbi.nlm.nih.gov) and TAIR (http://www. arabidopsis.org) databases to search the published sequence of the entire Arabidopsis genome. As a query sequence, we used the amino acid sequence of the PIF3-bHLH domain (58 amino acids). To increase the accuracy and extent of the database search results and to minimize as much as possible the exclusion of real hits caused by incorrect annotation (missing exons or introns annotated as exons), we retrieved the nucleotide sequence for each of the unique hits obtained and used the software NetGene2 (http://www.cbs.dtu.dk/services/NetGene2/) (Brunak et al., 1991; Hebsgaard et al., 1996) to predict intron/exon boundaries in the putative bHLH domain for each protein. Sequences that appeared to be annotated incorrectly were corrected for subsequent analysis.
Sequence Pileups
We constructed a database consisting of the amino acid sequences of the bHLH domains of the 147 proteins reported in this study. The sequences were aligned using the program Multalin with the default parameters (http://prodes.toulouse.inra.fr/multalin/multalin.html) (Corpet, 1988) and were further adjusted visually. The MacBoxShade program (http://www. ch.embnet.org/software/Box_doc.html) was used to highlight conserved and similar amino acids. The alignment, shown in Figure 1 , represents 50% conservation shading. We used CLUSTAL W (http://www.ebi.ac.uk/ clustalw) (Thompson et al., 1994) as a second method to align sequences and to double check our phylogenetic analysis results (data not shown).
Segmental Duplication in the Arabidopsis Genome
For the detection of large segmental duplications, we used the duplicated blocks map provided by TIGR (http://www.tigr.org/tdb/e2k1/ath1/ arabGenomeDups.html). The map was modified to use a color code in which the same color indicates duplicated regions. On this map, each of the bHLH genes was localized on the corresponding chromosome using the coordinates from the genome sequence data (August 2002 version).
Tree Building
For the creation of the phylogenetic tree reported in Figure 2 , we used PAUP 4.0 (http://www.paup.csit.fsu.edu) and the neighbor-joining algorithm. The same program was used to perform the bootstrap analysis with 1000 replicates to test the significance of the nodes. The starting point for our tree construction was the bHLH domain amino acid multiple sequence alignment created with Multalin and verified by eye (Figure 1) . The trees generated are unrooted. The distance parameters selected are total character difference, among-site rate variation, and random seed initiation. The tree shown in the figures has branch lengths not proportional to the distance between sequences (for the length values, a tree is provided in supplemental Figure 3 online). The tree with complete bootstrap values for each branch also is included in supplemental Figure 4 online. The bootstrap tree was constructed with the same distance parameters as the neighbor-joining tree and includes groups compatible with a 50% majority rule consensus tree. As a second method to validate the conclusions derived from the neighbor-joining tree, we also created, with a heuristic search of 1000 trees, a maximum parsimony majority rule 50% consensus tree, which is presented in supplemental Figure 5 online. The other parameters used were random seed initiation and stepwise addition, and the number of parsimony informative characters was 60. Gaps were treated as missing data. The tree is unrooted, and topological constraints were not enforced.
Yeast Two-Hybrid Interaction, in Vitro Coimmunoprecipitation, and Electrophoresis Mobility Shift Assays
